Host Tolerance versus Resistance and Microbial Virulence in the Host-Pathogen Equation  by Ferrandon, Dominique
Importantly, given the health and
economic burden of infectious diseases
worldwide, the potential of vitamin D
supplementation offers a cost-effective
intervention strategy of potentially great
benefit. There are a broad range of
diseases, including infectious, autoim-
mune, cardiovascular, and neoplastic
diseases, in which vitamin D insufficiency
has been shown to correlate with suscep-
tibility, although it remains unclear
whether the cathelicidin mechanism is
relevant to all. The new insights into
mechanisms by which vitamin D contrib-
utes to host regulatory pathways, includ-
ing the role of vitamin D in triggering
autophagy here, provides validation and
further impetus for evaluating the effec-
tiveness of vitamin D supplementation in
preventing infectious diseases.
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To deal with an infection, the organism resorts to nonmutually exclusive strategies: resistance, that is,
neutralization or destruction of the pathogen; or tolerance, the ability to withstand damages inflicted by
the pathogen or by host defense. In this issue of Cell Host & Microbe, Shinzawa et al. (2009) identify
p38-mediated phagocytic encapsulation as a potential tolerance mechanism.The etymology of the word ‘‘tolerance’’
refers to the capacity to endure hardship
and pain. As early as 1894, phytopatholo-
gists defined a rust-enduring strain of
wheat as one ‘‘which, though liable to
rust, is able, notwithstanding the attack
of the rust, to mature a fair crop of grain
under ordinary circumstances’’ (cited in
Schafer, 1971). This definition was later
refined to ‘‘the capacity of a cultivar
resulting in less yield or quality loss rela-
tive to disease severity or pathogen de-
velopment when compared with other
cultivars. . .’’ (Schafer, 1971). Tolerancewas thus defined as a relative entity that
varies among strains. Noticeably,
drought-resistant strains often appear to
be disease enduring. This concept of
tolerance/endurance to disease is not
related to that defined in classical immu-
nology, where it refers to the inhibition of
an immune response to self or other anti-
gens. Rather, it relates to the ability of the
host to withstand and repair the damage
inflicted either directly by the pathogen
or indirectly by the host’s immune re-
sponse, thus improving the health of the
host under these circumstances. Such aCell Host & Microbe 6, Sphenomenon is not limited to plants and
has been described in both invertebrate
and vertebrate animals (reviewed in
Schneider and Ayres, 2008). Strikingly,
very little is known in plants as regards
the molecular mechanisms involved in
tolerance, and some light may be shed
from invertebrate genetic model organ-
isms (Schneider and Ayres, 2008). For
instance, oral infections in Drosophila
melanogaster trigger a strong dual
oxidase (Duox)-mediated reactive oxygen
species (ROS) response in the intestine
that kills the host unless it is containedeptember 17, 2009 ª2009 Elsevier Inc. 203
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Figure 1. Cellular Encapsulation of S. typhimurium: A Tolerance Mechanism or a
ROS-Mediated Resistance Defense?
Shinzawa et al. (2009) document the p38-dependent ‘‘cellular encapsulation’’ of S. typhimurium, in which
bacteria are trapped by macrophage-like hemocytes. p38 may mediate the cytoskeletal rearrangement
required to accommodate the many bacteria that proliferate within enlarged hemocytes. Because
a decreased susceptibility to infection correlates with a higher bacterial titer (most of which are found
within hemocytes), they propose that this represents a tolerance mechanism. An alternative hypothesis
is that bacterial virulence within hemocytes is altered by a p38-dependent mechanism, possibly the
production of ROS, which would limit the ability of bacteria to escape from phagocytes. SPI-2 mutants
may be more sensitive to the level of ROS elicited in wild-type (WT) hemocytes (fourth column) and
thus may undergo the same level of stress as wild-type Salmonella exposed to increased p38 signaling
(p38 overexpression, third column) and thus behave in a similar manner. It is further speculated that extra-
cellular bacteria become virulent and are responsible for the eventual demise of the host, possibly through
the secretion of toxins. In the table, hypothetical levels for which no data with S. typhimurium are yet avail-
able are followed by a question mark.by a host catalase (Ha et al., 2009, and
references therein). Several pathogens
induce cell death of enterocytes that
would lead to the demise of the host
unless a finely regulated compensatory
proliferation of intestinal stem cells main-
tain the homeostasis of themidgut epithe-
lium (Jiang et al., 2009). It is likely that
many of about 900 identified genes
involved in host defense against intestinal
infections may be involved in tolerance
mechanisms, that is, the ability to main-
tain homeostasis of major physiological
functions despite the infection (Cronin
et al., 2009).
How is tolerance measured in an in-
fected organism? Both the health of the
host and the pathogen burden have to
be measured. As regards health, in the
absence of a precise assessment by
multiple markers that can be obtained in
human patients, one may either use
survival as a rough proxy or, as in plants,
measure reproductive fitness by assess-
ing crop yield. In invertebrate models,204 Cell Host & Microbe 6, September 17, 2while survival curves are easy to obtain,
a more relevant, nondestructive measure
of host fitness in terms of long-term evolu-
tion might be obtained by counting the
overall number of eggs laid by an infected
female during disease. Indeed, the evolu-
tionary success of fruit flies depends on a
fast reproductive cycle and strong egg-
laying abilities of females, which may
produce as many as 100 eggs a day. As
regards pathogen burden, a quick way
to measure it is to determine the number
of pathogens, for instance, by plating
extracts of infected flies. As discussed
further below, this simple assay may be
misleading if the host alters the virulence
of the microbe.
In their work, Kanuka and colleagues
(Shinzawa et al., 2009) use a septic injury
model with Salmonella typhimurium, a
nonnatural pathogen of the fruitfly, in
which flies succumb within 15 days
(Brandt et al., 2004). Salmonella are di-
rectly injected into the body cavity, the
hemocoel, thus bypassing physical009 ª2009 Elsevier Inc.barriers. The bacteria are sensedbypepti-
doglycan recognition proteins that in turn
trigger the immune deficiency (IMD)-
dependent systemic immune response
and the subsequent release into the
hemolymph of potent antimicrobial
peptides.S. typhimurium is partially sensi-
tive to the action of the IMD pathway,
since imdmutants succumb to septicemia
(Brandt et al., 2004). In contrast, wild-type
flies do not appear to succumb fromsepti-
cemia, since, surprisingly, the number of
bacteria in the fly is modest and actually
decreases during the final days of the
disease (Brandt et al., 2004; Shinzawa
et al., 2009). S. typhimurium is also
partially resistant to the action of the IMD
pathway, since flies deficient for two other
host defenses, melanization and phago-
cytosis by hemocytes, also succumb
earlier to the challenge, even though the
IMD pathway is presumably still activated
(Ayres and Schneider, 2008; Shinzawa
et al., 2009).
Shinzawa et al. (2009) designed a
screen to isolate genes involved in toler-
ance, looking for phenotypes in which
the ubiquitous overexpression of a gene
leads to enhanced survival of S. typhimu-
rium-challenged flies without a concomi-
tant reduced bacterial load. They found
19 such lines and focused on one that
led to p38 MAPK overexpression. They
showed that p38 overexpression did not
impair the IMD pathway or phagocytosis
but actually suppressed melanization, at
least in larvae (Shinzawa et al., 2009).
This suppression is unlikely to account
for the enhanced survival, sincemelaniza-
tion mutants display the opposite pheno-
type (Ayres and Schneider, 2008). p38 is
relevant to host defense, since p38
mutants succumb earlier to the infection,
with a bacterial titer that is equivalent to
that of wild-type flies at the time of their
demise. A burst of p38 activation was
induced by a Salmonella challenge, both
in whole flies and hemocyte-like cells in
culture (Shinzawa et al., 2009). In keeping
with the fact that most of the bacteria
appear to reside within hemocytes, the
investigators recapitulated thep38ubiqui-
tous overexpression phenotype by driving
the ectopic expression of this gene specif-
ically in hemocytes. Importantly, they
showed that the number of free bacteria
in the hemolymph is significantly de-
creased in p38-overexpressing flies (see
Figure 1). In contrast, the intracellular titer
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p38-overexpressing hemocytes, while it
is down to background detection levels
in p38 mutants (Shinzawa et al., 2009).
The p38-overexpressing hemocytes ap-
peared to be packed with Salmonella,
were four times larger, and displayed an
increased number of lamellipodia, which
might result from p38-mediated remodel-
ing of the actin skeleton. Interestingly,
they found that Salmonella mutant for
the SPI-2 pathogenicity island, which en-
codes a type III secretion system, behave
in wild-type flies as wild-type bacteria in
p38-overexpressing flies, with hemocytes
bloated with intracellular bacteria (Shin-
zawa et al., 2009). Interestingly, SPI-2
mutant S. typhimurium killed p38 mutant
flies as rapidly as wild-type Salmonella,
whereas they displayed a reduced viru-
lence in wild-type flies (Brandt et al.,
2004; Shinzawa et al., 2009). These data
suggest that SPI-2 is required to neutralize
the effects of host p38 on the pathogen.
Shinzawa et al. (2009) designate the
sequestration of Salmonella within hemo-
cytes under the term ‘‘phagocytic encap-
sulation,’’ in reference to the host re-
sponse against parasitic wasps, in which
eggs laid by wasps within the hemocoel
are effectively neutralized by imprisoning
the egg in a multilayered cellular capsule.
The authors propose that this represents
a tolerance mechanism, as the bacterial
titer does not decrease even though
survival to the infection is improved. In
the following, I explore an alternative
interpretation of their findings (Figure 1).
I argue that any mechanism that actually
decreases the virulence of the pathogen
is actually a resistance mechanism and
that a relevant measure for establishing
tolerance is not the overall count of
bacteria, but that of the virulent bacteria.
Phagocytic function of hemocytes is
impaired toward the end of the infection
(Brandt et al., 2004; Shinzawa et al.,
2009), yet this mechanism is unlikely to
directly cause the observed demise of
the host, as flies devoid of hemocytessurvive almost normally in the absence
of infections (Defaye et al., 2009). One
possibility is that the fly is actually killed
by bystander bacteria that benefit from
the neutralization of phagocytosis. A
second is that flies succumb to the nega-
tive consequences of the host response
mediated by the TNF-like molecule Eiger
(Brandt et al., 2004). A third likely possi-
bility is that extracellular bacteria, which
have escaped or been released from
hemocytes, kill the host, possibly through
the secretion of toxins. Indeed, the num-
ber of Salmonella that can be retrieved
from the hemolymph is significantly re-
duced in p38-overexpressing flies. Also,
flies devoid of phagocytosis are highly
susceptible to the infection (Shinzawa
et al., 2009). One prediction is that flies
should be protected from Salmonella by
the injection during midinfection of genta-
micin, an antibiotic that does not cross the
host plasma membrane.
While p38 is involved in the response
to various stresses, it has recently been
reported to play an essential role in the
transcriptional activation of the Duox
gene, a key enzyme for ROS generation
in hemocyte-like cells (Ha et al., 2009).
Interestingly, the SPI-2 locus is required
for the protection of Salmonella against
ROS (Vazquez-Torres et al., 2000). Thus,
one alternativemodel is that the activation
of p38 leads to the neutralization of SPI-2-
mediated Salmonella virulence by pre-
venting bacteria from escaping or lysing
hemocytes while still allowing their intra-
cellular replication. Indeed, SPI-2 mutant
bacteria are no longer able to suppress
the phagocytic activity of hemocytes. To
assess whether p38 is involved in
a ROS-mediated resistance mechanism,
it will be important to determine whether
p38 overexpression still provides protec-
tion when Duox is mutated.
In conclusion, it is too early to determine
whether p38 activation in hemocytes
represents a bona fide tolerance mecha-
nism.Thesolution to thisquestion requires
an in-depth understandingof thepathoge-Cell Host & Microbe 6, Snicity of S. typhimurium in this model, with
an emphasis on the processes that actu-
ally kill the infected flies. Phagocytic
encapsulation is fascinating, especially
as regards the intracellular survival of
SPI-2 mutants. It is likely that other genes
identified by Shinzawa et al. (2009) may
turn out to be involved in tolerance.
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